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Impact Response and Energy Absorption of Single Phase Syntactic Foam 1 
Thong M. Pham1, Wensu Chen2, Jim Kingston3, and Hong Hao4 2 
Abstract 3 
This study experimentally investigates the static and impact response of a new single phase 4 
syntactic foam which has been newly developed for impact energy absorption. The syntactic 5 
foam had different densities ranging from 172 kg/m3 to 366 kg/m3 depending on the thickness 6 
and composition of the coating layers. The impact response and impact energy absorption 7 
were investigated by using instrumented drop-weight impact tests. Under static loads, the 8 
mechanical properties of the syntactic foam including the compressive strength, the yield 9 
stress, and Young’s modulus increased with the density but the rate of increment decreased at 10 
higher densities. There were two types of progressive failures of the syntactic foam under 11 
impact loads. The failure propagation was examined and found to be dependent on the 12 
material density and the impact velocity. Interestingly, the densification only occurred in the 13 
low-density specimens while this phenomenon was not observed for the specimens with the 14 
density greater than 288 kg/m3. The impact energy absorption capacity increased significantly 15 
with the density and the wall thickness of the macrospheres.  16 
Keywords: Single phase syntactic foam; Impact loading; Energy absorption; Densification. 17 
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Introduction 18 
Syntactic foam made of engineered composite spheres is a type of porous material with good 19 
crush strength and energy absorption capacity, which has attracted an increasing interest and 20 
attention from scientific and engineering communities. The syntactic foam material can be 21 
used for engineering applications across a range of industries such as mining, marine, 22 
transportation, civil, defence and aerospace in lieu of its characteristics of low density, good 23 
thermal efficiency, high strength-to-weight ratio and impact resistance capacity [1]. The 24 
specific applications include road barriers, sandwich structure, open pit edge protection and 25 
aerospace structure [2, 3] etc. By applying the syntactic foam material for the roadside barrier, 26 
the impact force can be significantly reduced while the energy absorption capacity remains 27 
[4]. Sandwich structure made of syntactic foam as core material can be used as protective 28 
layers for vehicles against impact and blast loads [5]. In open pit mines, the syntactic foam 29 
material can be applied to the edge protection, which allows the narrower open pit haul roads 30 
while remaining the safety requirement for trucks [6]. For marine applications, the syntactic 31 
foam is able to provide buoyancy due to its light weight and withstand high water pressure for 32 
deep-sea exploration [7, 8] . 33 
Syntactic foam is  a kind of composite material which can be classified into one-phase, two-34 
phase and three-phase foams [7, 9]. Typical syntactic foam consists of filler and a binder 35 
matrix. The fillers can be made of glass, metal, ceramic, cenosphere in the forms of micro-36 
sphere or macro-sphere [10-12]. The binder matrix can be made of polymeric binders and 37 
metals [13-15]. One-phase foam is formed by bonding engineered composite sphere matrix, 38 
which is made from EPS (Expanded Polystyrene) beads coated with epoxy resin matrix or 39 
fibre reinforced epoxy using “rolling ball method” [7, 16]. The coated EPS beads can be 40 
cured and post-cured to shrink the EPS beads inside the spheres to produce hollow structures. 41 
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The hollow engineered composite spheres are then bonded and form into one-phase foam. 42 
Without curing process, the EPS beads can be also unshrunk and fill inside the spheres, which 43 
is a variant of one-phase foam. To improve the mechanical properties of syntactic foam, the 44 
micro-spheres and macro-spheres made of various fillers can be added and mixed with binder 45 
matrix to form two-phase and three-phase syntactic foams [10, 11]. Zhi et al. [17] investigated 46 
the interfacial bond properties of syntactic foam made of fibres, fillers and matrix using 47 
microbond test and numerical simulation. It was found that the fibre diameter has the largest 48 
effect on the interfacial shear strength of syntactic foam, followed by the volume fraction and 49 
size of the fillers. 50 
The mechanical properties of syntactic foam material have been reported in the literature. The 51 
syntactic foam material shows superior mechanical properties in lieu of the composite action 52 
by filler and matrix. The compressive stress of homogenous EPS (Expanded Polystyrene) 53 
only foams with density of 13.5 kg/m3 and 28 kg/m3 at 10% strain are 0.089 MPa and 0.191 54 
MPa, respectively [18], which is well below the compressive strength of normal syntactic 55 
foam. As reported by Swetha and Kumar [10], the strength of the syntactic foam decreased 56 
with the increase in microsphere content. The energy absorption capacity peaked when the 57 
content of microsphere was up to 40%. As observed by Kim and Khamis [19], the impact 58 
performance enhanced while the fracture toughness and flexural strength decreased with the 59 
increasing volume fraction of the microsphere in the syntactic foam. However, Wouterson et 60 
al. [20] reported the opposite results, i.e. the existence of the microsphere of syntactic foam 61 
improved the fracture toughness while decreased the impact resistance capacity. Further 62 
studies have shown that particles of very thin walls lead to decease in properties as the 63 
particle volume fraction is increased. However, above a critical wall thickness, increase in 64 
particle fraction leads to improved syntactic foam properties [2]. To improve the mechanical 65 
behaviour and enhance impact energy absorption capacity, crumb rubber has been added into 66 
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syntactic foam [21-23]. It was found that the optimal volume fraction of the crumb rubber 67 
ranged between 10% and 20% in terms of fracture toughness. The effect on its energy 68 
absorption capacity and fracture toughness by adding crumb rubber into the syntactic foam 69 
was investigated under quasi-static and impact loads in the previous study [9]. It should be 70 
noted that syntactic foam as lightweight composites has many applications and dynamic 71 
behaviours of syntactic foam material are worth studying due to its great potential 72 
applications in impact resistance and protection against extreme loads. Syntactic foam can be 73 
pre-cast in factories or cast in-situ to almost any common shapes. For instance, this material 74 
has been used to fill in the edge protectors for vehicles in the previous study by Durkin et al. 75 
[6] and this application has been used in mines in Western Australia. 76 
In the existing literature, dynamic properties of syntactic foams and/or polymeric foams have 77 
been experimentally investigated.  For instance, Song et al. [24] investigated mechanical 78 
properties of epoxy syntactic foam at intermediate strain rate by using modified MTS material 79 
tester and modified split Hopkinson pressure bar (SHPB). It was reported that the failure 80 
strength of syntactic foam exhibited strain-rate dependency. Li et al. [25] conducted the 81 
compressive tests on glass micro balloon syntactic foams by using hydraulic loading machine 82 
for medium strain rate and SHPB for high strain rate up to 4000 s-1. The stress-strain response 83 
was obtained and the compressive properties exhibited strain rate dependency. Additionally, 84 
the microscopic observations from testing combined with numerical simulations revealed 85 
failure mode and failure mechanism of syntactic foam. Ouellet et al. [26] also investigated the 86 
compressive properties of polymeric foams under quasi-static, medium and high strain rate by 87 
using SHPB. It was found that the strain rate effects became pronounced at the rate above 88 
1000 s-1. Peter and Woldesenbet [27] investigated the effect of nanoclay on the high strain 89 
rate mechanical properties of syntactic foams. The high strain rate tests were conducted by 90 
using SHPB. The authors found that the inclusion of 1% nanoclay volume fraction yield the 91 
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optimum enhancement in peak stress and modulus of nanoclay syntactic foam properties. Viot 92 
et al. [28] examined the material properties of syntactic foam under high rate loadings. The 93 
effects of the microsphere volume fraction, projectile mass, and drop height on the energy 94 
absorption were investigated. The authors observed significant effects of the microsphere 95 
volume fraction and drop height and marginal influence of the projectile mass on the energy 96 
absorption. The energy absorption mechanism includes the visco-plastic deformation of the 97 
matrix and the fracture of the glass bubble structure. The failure of the glass bubble mainly 98 
governed the energy absorption when its volume fraction was high while the resin 99 
deformation primarily controlled the energy absorption of low volume fraction syntactic 100 
foams. In addition, Shams et al. [29] developed a micromechanical model for the simulation 101 
of syntactic foams under high strain rate loads. The proposed numerical model enables the 102 
predication of syntactic foam behaviour at a wide range of strain rates and various micro 103 
balloon configurations. The above-mentioned existing experimental and numerical studies on 104 
the dynamic properties of various syntactic foams can be referred for the dynamic properties 105 
investigations of new single-phase syntactic foam proposed in this study.  106 
This study aims to propose a new single-phase syntactic foam with high energy absorption 107 
capacity. The effects of material density and wall thickness of spheres on both the strength 108 
and energy absorption are examined for the purpose of deriving the optimal material designs 109 
for various applications. In this paper, the mechanical behaviours of four types of single-110 
phase syntactic foam materials (with four densities of 172, 288, 318, and 366 kg/m3) were 111 
investigated subjected to quasi-static and impact loads. The specimens were made of the same 112 
mother materials but they had different coating layers which result in varied densities. The 113 
mechanical properties and static/impact energy absorption of the syntactic foams were 114 
experimentally examined. Furthermore, different types of the failure propagation under 115 
impact tests were discussed based on quantitative analyses and analytical solutions.  116 
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Specimen manufacturing 117 
In this study, the single phase syntactic material  was prepared and fabricated by the company 118 
Matrix, Australia [30]. The syntactic foam was made of engineered composite macro-spheres. 119 
The macro-spheres were formed from spherical, low density EPS (Expanded Polystyrene) 120 
beads coated using rolling ball method [7, 16] with layers of short-fibre reinforced composite, 121 
which is a combination of mineral fibre (i.e. wollastonite) and epoxy resin as shown in Fig. 1. 122 
The compressive strength and modulus of the epoxy resin were 100 MPa and 2750 MPa, 123 
respectively. After applying multiple coats of short-fibre reinforced composite, the macro-124 
spheres were extracted from the process followed by a final coating of epoxy resin without 125 
mineral fibre. The sticky (for fingers) macro-spheres with certain viscosity were then poured 126 
into a suitable cavity based upon the volume of resin and the estimated macro-sphere surface 127 
area. In this study, the packing density was 60% as a feature of randomly packed spherical 128 
particles [31]. After that, the epoxy resin was cured at 600C for 4 hours to set the material into 129 
its final form. It is worth noting that the epoxy-coated macro-spheres can be cured to shrink 130 
the EPS beads inside the macro-spheres to produce hollow macro-sphere structures. The 131 
hollow macro-spheres, which had the average diameter of 3.5 mm and coating thickness of 132 
35.1~40.1 µm, were evenly distributed in the foam. The varying coating thicknesses are 133 
corresponding to different densities. The syntactic foam was estimated to have a density of 134 
172~366 kg/m3. It is noted that the density, strength and stiffness of macro-spheres and 135 
syntactic foam can be tailored to meet with the requirements of various applications. 136 
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 137 
Figure 1 Single-phase syntactic foam material 138 
The mechanical properties of the single phase foam were investigated under static and impact 139 
loads. There were two sizes of cylindrical specimens in this study including φ100x180 mm for 140 
the impact tests and φ50x100 mm for the static tests. These specimens had varied densities, 141 
which were 172 kg/m3, 288 kg/m3, 318 kg/m3, and 366 kg/m3, resulted from different coating 142 
layers and thicknesses. As mentioned previously, the specimens could have the EPS beads 143 
shrunk or fully filled in the spheres, depending on the different curing processes. 144 
Static mechanical properties 145 
The compressive strength of the one phase syntactic foam was investigated by conducting 146 
standard compression tests. The tested cylinders had the diameter of 50 mm and the height of 147 
100 mm. There were four different groups with different densities which were considered in 148 
the static tests. Each group contained five identical specimens which had the densities of 172 149 
kg/m3, 288 kg/m3, 318 kg/m3, and 366 kg/m3, respectively. These specimens were prepared in 150 
separate molds with the same dimension. The stress-strain curves of the tested cylinder are 151 
presented in Figs. 2-4 and the test results are presented in Table 1. The stress-strain curves of 152 
the tested specimens were linear up to the yielding points before fluctuating around their 153 
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maximum stress. After reaching the yielding points, stress of the specimens dropped owing to 154 
the crushing of one layer of coated EPS spheres. The progressive failure of one layer of 155 
coated EPS spheres led to a local reduction of the stress-strain curves. The stress of the 156 
specimens then increased again when the damaged layer reached the densification level of the 157 
material. The progressive failure of the specimens continued until very large deformation and 158 
the compression tests were stopped at the axial strain of 35% because of the limit of the 159 
testing machine. 160 
 161 
Fig. 2. Stress-strain relationship of the single phase syntactic foam (ρ = 172 kg/m3) 162 
 163 
Fig. 3. Stress-strain relationship of the single phase syntactic foam (ρ = 288 kg/m3) 164 
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 165 
Fig. 4. Stress-strain relationship of the single phase syntactic foam (ρ = 366 kg/m3) 166 
In addition, the yield strain of these specimens did not show a considerable variation among 167 
the tested specimens with density between 172 and 366 kg/m3. The yield strain of the 168 
specimens was 0.89%, 1.10%, 1.05%, and 1.58% corresponding to the densities of 172 kg/m3, 169 
288 kg/m3, 318 kg/m3, and 366 kg/m3, respectively. On the other hand, the yield stress 170 
increased significantly with the density of the specimens with the yield stress of 0.51 MPa, 171 
1.14 MPa, 1.41 MPa, and 1.91 MPa, respectively. Consequently, the maximum stress of the 172 
specimens also increased significantly with the material density. The Young’s modulus of the 173 
material increased significantly from 63 MPa to 119 MPa when the density changed from 172 174 
kg/m3 to 288 kg/m3. However, the rate of increase in Young’s modulus of the material with 175 
further increase in density slowed down with 119 MPa for ρ = 288 kg/m3 to 142 MPa for ρ = 176 
366 kg/m3. Besides, the energy absorption computed by the area under the load-displacement 177 
curves is also presented in Table 1. Briefly, the yield strain, yield stress, Young’s modulus, 178 
and energy absorption varied in a different manner with the change in coating and density. 179 
Thus, a desirable character can be achieved and designed based on the experimental results as 180 
above. 181 
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The average plateau stress of these foam can be estimated by adopting an empirical model. 182 
The plateau stress ( plσ ) related to relative density (
s
ρ
ρ
) can be described by the following 183 
form [32]. 184 

,
=  	 


.
          (1) 185 
where plσ - plateau stress; ,y sσ - strength of epoxy resin; ρ - density of the foam; sρ -density 186 
of the epoxy resin; and α is the coefficient to be calibrated from the experimental results. In 187 
this study, the strength of epoxy resin was 100 MPa. The density of the epoxy resin was about 188 
1150 kg/m3. The density of the foams were 172 kg/m3, 288 kg/m3 and 366 kg/m3, 189 
respectively.  190 
Under quasi-static load, the foams with the density of 172 kg/m3, 288 kg/m3 and 366 kg/m3 191 
had the average plateau stress ( plσ ) of 0.55 MPa, 1.10 MPa and 1.90 MPa, respectively, as 192 
shown in Figs. 2-4. The coefficient for the single phase syntactic foam was 0.096. The ratio of 193 
plateau stress to epoxy strength (
,
pl
y s
σ
σ
) can be well predicted by the empirical formula  194 

,
= 0.096 	 


.
. The predicted average plateau stresses for the foams with the density of 195 
172 kg/m3, 288 kg/m3 and 366 kg/m3
 
are 0.56 MPa, 1.20 MPa and 1.72 MPa, respectively. 196 
Impact response 197 
Drop-weight tests 198 
The instrumented drop-weight tests were utilized to investigate the impact behavior of the 199 
single phase syntactic foam. The drop-weight apparatus included a solid steel projectile which 200 
was dropped from the designated height to the top of the specimens. There were two steel 201 
projectiles used in this study, including the heavy projectile weighing 100 kg and another 202 
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light projectile of 28.26 kg as shown in Fig. 5. The heavy projectile had a smooth flat bottom 203 
with a radius of 50 mm while the light projectile was steel cylinder with the radius of 75 mm 204 
and flat bottom. The heavy projectile was used in the test of most of the specimens except 205 
Specimen 172_3 which was impacted by the light projectile. The small projectile was used to 206 
investigate the effect of higher impact velocity by dropping from a greater height. The 207 
projectiles were falling onto the specimen top within a plastic guiding tube as shown in Fig. 6. 208 
The specimens were placed on the top of a load cell which was used to measure the impact 209 
force and was fixed on a strong floor. The reason to place the load cell at the bottom of the 210 
specimens was explained in the study by Pham and Hao [33]. A high-speed camera, which 211 
was set to capture 50400 frames per second, was used to monitor the failure processes, 212 
displacements, velocities, and accelerations of the projectile and the specimens. The above 213 
frame rate was chosen based on the experiences from the previous study in which lower frame 214 
rate was not able to sufficiently capture the failure process. The data acquisition system 215 
recorded data at a sampling rate of 1 MHz as recommended in the previous study by Pham 216 
and Hao [33]. In the latter study, the authors investigated the effect of different sampling rates 217 
on the recorded data and suggested that a sampling rate less than 1 MHz may not yield 218 
accurate results in this circumstance. 219 
 220 
Fig. 5. Shape of the two steel projectiles 221 
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 222 
Fig. 6. Drop-weight test apparatus 223 
Failure propagation and stress evolution 224 
There were two different types of the failure propagation observed in the testing. The first 225 
failure mode, which was observed when testing specimens with light density (ρ = 172 or 288 226 
kg/m3), initiated from the bottom of the specimens and propagated upward to the top of the 227 
specimens. These specimens were tested under varying drop heights from 0.63, 0.95 to 1.29 228 
m. The top of the specimens was not damaged until the end of the impact events as shown in 229 
Fig. 7. The whole impact duration was about 60-80 milliseconds for all the specimens. The 230 
second failure mode occurred with higher density specimens (ρ = 366 kg/m3, drop heights 231 
from 0.95-1.29 m), for which failure also initiated at the bottom but the failure soon occurred 232 
at the top about 2-3 ms later. The failure then propagated to the midheight from both ends as 233 
shown in Fig. 8. The failure propagation of the specimens with density of 318 kg/m3 showed a 234 
mixed modes of the failure propagation. The difference in the failure mode can be explained 235 
by the stress evolution in these specimens. The stress evolution was estimated based on a 236 
solution presented by Johnson [34] and adopted by Pham et al. [35]. 237 
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 238 
Fig. 7. Progressive failure of Specimen 172_1 239 
 240 
 241 
Fig. 8. Progressive failure of Specimen 366_3 242 
The analytical solution examined the stress evolution of a short cylinder on a frictionless flat 243 
rigid base. The rigid projectile impacts the cylinder from the top with a speed V. The stress 244 
evolution in the cylinder is dependent on the elastic and plastic wave speeds, the material 245 
properties, and the impact velocity. The wave speeds can be estimated as follows: 246 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
14 
 
0
0 ρ
E
c =
       (2) 247 
0
1 ρ
P
c =
       (3) 248 
where c0 and c1 are the elastic and plastic wave speeds, respectively, E and P are respectively 249 
Young’s modulus and the plastic modulus of the material, and ρ0 is the density of the material 250 
in its unstrained state. The stress wave propagation and the stress evolution in the specimens 251 
are presented in Fig. 9. It is noted that Y is the yield stress of the material. Based on the 252 
analytical solution and the material properties, the stress evolution of the tested specimens is 253 
calculated and shown in Fig. 10. As shown in the figure, when the projectile impacted the 254 
specimens, the stress at the top of the specimens was smaller than the material strength and 255 
thus did not cause any damage to the specimens at the early instant. Accordingly, stress at the 256 
bottom of the specimens (Zone 2) initiated the damage of all the specimens as described in 257 
Fig. 10, for example, the stress in Zone 2 of Specimens 172, 288, and 366 was 0.63 MPa, 1.38 258 
MPa, and 2.51 MPa which were greater than the material strength (from static tests: 0.61 259 
MPa, 1.30 MPa, and 2.26 MPa), respectively. A quantitative analysis was carried out to 260 
explain why these specimens failed in different manners. It is noted that the stress evolution in 261 
these specimens is estimated based on the equations presented in Fig. 9 and more details 262 
about the derivation of these equations can be found in the study by Johnson [34]. 263 
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 264 
Fig. 9. Stress evolution mechanism under impact 265 
 266 
 267 
Fig. 10. Stress evolution of the tested specimens 268 
After the failure initiation, the progressive damage of the tested specimens was different as 269 
mentioned previously. The specimens with low density (ρ < 288 kg/m3) showed the damage 270 
started and propagated from the bottom upwards while the specimen top remained undamaged 271 
before the end of impact events. Meanwhile, the three specimens in Group 366 exhibited a 272 
consistent failure mode in which the damage simultaneously propagated from the top and 273 
bottom towards the midheight of the specimens. There are two possible reasons for this 274 
variation of the failure mode. Firstly, specimens with low density (ρ < 288 kg/m3) showed a 275 
high level of densification as shown in Fig. 7 while Specimens 366 did not show a high level 276 
of densification since the failed fragments flew out as shown in Fig. 8. The damage of the 277 
low-density specimens absorbed relatively more impact energy normalized with its density 278 
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than those of Specimens 366. As a result, there was weaker reflected stress wave to form 279 
stress at Zone 3 (Fig. 9) of the low-density specimens than that of Specimens 366 according 280 
to the corresponding coming stress wave. The high level of the densification of the low-281 
density specimens, which led to the damage just propagated from the bottom upwards, is also 282 
shown in the impact force time histories (presented in the following section). Secondly, 283 
because of the nature of the material and the impact velocity, the stress at Zone 3 of these 284 
specimens is different. The increase of the stress in Zone 3 compared to that in Zone 2 shows 285 
the vulnerability of a specimen to damage at the top after the failure of the bottom. It means 286 
that the smaller difference between the stresses in Zone 3 compared to Zone 2, the easier to 287 
show damage in Zone 3. In Fig. 10, for instance, the difference between Zone 3 and Zone 2 of 288 
Specimens 172 ((0.77-0.63)/0.63 = 22%) is greater than that of Specimens 366 ((2.87-289 
2.51)/2.51 = 14%). This progressive failure of the single syntactic foam is obviously different 290 
from the failure of concrete material, for instance, Pham and Hao [33] presented similar 291 
impact tests on concrete cylinders and the concrete specimens always failed at the impact end 292 
associated with the first drop. 293 
Impact force time histories 294 
Impact force time histories of the tested specimens were derived from the load cell record and 295 
presented in Figs. 11-13. It is noted that the impact forces from the specimens which were not 296 
shown in these figures were lost owing malfunction of the data acquisition system during 297 
testing. The impact force time history of Specimen 172_2 (Fig. 11) showed a constant impact 298 
force at about 7.5 kN for a duration of approximately 40 ms (from 90 ms to 130 ms). During 299 
this period, the progressive failure occurred while the densification did not exist. However, 300 
the densification appeared afterward and led to a significant increase of the impact force up to 301 
27 kN, which confirms the above explanation of the high level of densification of the low-302 
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density specimens. On the other hand, the impact force time histories of higher-density 303 
specimens did not show a densification process (Figs. 12-13) in which the impact force of 304 
Specimens 288 and 366 did not show a considerable difference. It means that increasing the 305 
density (from 288 kg/m3 to 366 kg/m3) did not lead to an enhancement of the impact force. 306 
The impact force of these specimens reached the peaks of about 10-15 MPa, then fluctuated 307 
around 8-10 MPa before dropping to zero. 308 
 309 
Fig. 11. Impact force time history of Specimen 172_2 310 
 311 
 312 
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Fig. 12. Impact force time histories of Specimens 288 313 
 314 
 315 
Fig. 13. Impact force time histories of Specimens 318 316 
 317 
To examine the dynamic compressive strength of the tested specimens, the compressive stress 318 
was calculated from the impact force time histories and presented in Fig. 14. It is interesting 319 
that the dynamic strength of all the tested specimens was not much different from that under 320 
static tests with the exception of Specimen 172_2 after the densification. This response is 321 
beneficial when the material is used as a sacrificed layer in protective structures. For example, 322 
if this material with density of 318 kg/m3 is used in a sacrificed layer, its peak dynamic stress 323 
is greater than 2 MPa and then reduces to a plateau of about 1 MPa which is even smaller than 324 
the static strength. This response will reduce the impact force that transfers from a collision to 325 
the protected structures. The excellent ability of absorbing impact energy is confirmed from 326 
the tests since this material was able to stop 100 kg projectile dropping from 1.3 m ( result in 327 
1.3 kJ impact energy) while the similar impact energy cannot be absorbed by a similar size 328 
concrete cylinder with the compressive strength of 46 MPa as presented by Pham and Hao 329 
[33]. In the same test setup and specimen size, the residual velocity of the projectile was zero 330 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
 
for some specimens in this study while the corresponding residual velocity was greater than 331 
zero after impacting the concrete specimens as reported by Pham and Hao [33]. 332 
 333 
  334 
Fig. 14. Impact forces vs static strengths 335 
Energy absorption 336 
The energy absorption capacity of the tested specimens is investigated from the impact energy 337 
and the residual energy. The impact energy is the kinetic energy of the projectile just prior to 338 
the impact event and is calculated from the impact velocity and the projectile weight. The 339 
residual energy is estimated from the projectile weight and the residual velocity which has 340 
two possibilities including rebounding velocity and residual velocity. The rebound velocity is 341 
in the opposite direction to the impact velocity so that it is negative. The testing results and 342 
the energy absorption of the tested specimens are presented in Table 2. 343 
It is obvious that specimens with EPS fully filling the macro spheres show better ability to 344 
absorb impact energy. For example, Specimen 288_1 absorbed 1.3 kJ and the specimen was 345 
totally damaged while the specimen 288b_1 was completely damaged with the energy of 0.8 346 
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kJ. It is noted that the damage level was estimated based on the percentage of the crushed 347 
material as compared to the total volume. The maximum energy absorption for Groups 172 348 
and 288 was 732 J and 1291 J as shown in Table 2. In the meantime, the energy absorption 349 
capacity of Groups 318 and 366 could not be properly specified since the specimens did not 350 
fully damage under 1123 J and 1357 J impact energies, respectively. The experimental results 351 
have shown that the energy absorption capacity increased with the specimen’s density. As can 352 
be seen that Specimens 366 were able to absorb more impact energy than that of Specimens 353 
288 but the maximum impact forces of these two groups were quite similar (Figs. 12-13). It 354 
means that if these two groups are used as a sacrificed layer, the peak impact force transfers 355 
from a collision to the protected structures will be similar but the material with ρ = 366 kg/m3 356 
will be able to absorb more impact energy than those with ρ = 288 kg/m3. 357 
In order to investigate the impact energy transferred to the load cell, the impact force versus 358 
axial displacement curves are presented in Fig. 15. From the figure, it can be seen that 359 
Specimen 172 transferred more energy to the load cell. It is noted that this transferring energy 360 
is different from the energy absorption and the reason for this observation can be explained as 361 
follows. For Specimens 288 and 318, the densification did not occur because of the relatively 362 
high density of the specimens and fragmentation of the specimens. As a result, these 363 
specimens could not transfer the remaining energy from the projectile to the load cell. On the 364 
other hand, the densification in Specimen 172 led to more energy absorption.   365 
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 366 
Fig. 15. Impact forces vs axial displacement of the tested specimens 367 
Conclusions 368 
The static/impact response and the energy absorption of the newly developed single phase 369 
syntactic foam has been investigated and the following findings can be drawn: 370 
1. The mechanical properties of the syntactic foam including the compressive strength, the 371 
yield stress, and the modulus increased with the density but this change slowed down 372 
with higher densities. 373 
2. The failure propagation of the tested specimens was dependent on the material density 374 
and the impact velocity. The damage of the low-density specimen propagated from the 375 
bottom upwards to the top while the damage of the high-density specimen propagated 376 
from two ends towards the midheight. 377 
3. A quantitative analysis of the stress evolution in the single phase syntactic foam can be 378 
used to predict the progressive failure of the specimens.  379 
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4. The densification occurred in low density specimens but did not happen in higher 380 
density specimens. Therefore, using high density specimens together with FRP 381 
confinement to achieve the densification phenomenon is recommended. 382 
5. The impact energy absorption increased significantly with the density and the wall 383 
thickness of the macrospheres. 384 
Finally, the single phase syntactic foam is light and has excellent ability to absorb impact 385 
energy. Therefore, this material is recommended for sacrificed layers in protective structures 386 
or core layers for composite structures.  387 
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Table 1. Experimental results under static loads 495 
Density 
(kg/m3) 
Yield strain 
(%) 
Yield stress 
(MPa) 
Maximum 
stress (MPa) 
Young’s 
modulus 
(MPa) 
Energy (up to 
35% strain) 
(N.m) 
172_1 0.69 0.43 0.62 74.2 36.1 
172_2 1.32 0.54 0.63 50.9 37.5 
172_3 0.84 0.42 0.61 70.0 35.8 
172_4 0.98 0.50 0.58 65.2 34.9 
172_5 0.90 0.49 0.63 75.5 36.0 
Mean 0.94 0.48 0.61 67.2 36.1 
288_1 0.97 1.14 1.36 118.6 70.7 
288_2 0.91 1.10 1.30 131.8 69.0 
288_3 0.82 1.07 1.34 142.2 70.0 
288_4 1.15 1.16 1.34 80.5 66.6 
288_5 0.86 0.88 1.24 120.8 65.1 
Mean 0.93 1.05 1.30 118.8 67.7 
318_1 1.11 1.524 1.76 134.3 106.3 
318_2 1.06 1.463 1.67 124.2 99.3 
318_3 1.05 1.28 1.71 123.2 99.2 
318_4 0.99 1.279 1.68 145.0 101.3 
318_5 1.05 1.497 1.75 136.8 106.9 
Mean 1.05 1.41 1.71 132.7 103.6 
366_1 1.66 2.14 2.27 143.4 132.8 
366_2 1.68 1.60 2.26 126.0 131.3 
366_3 1.63  2.18 2.24 137.6 131.1 
366_4 1.61 1.80 2.23 159.2 128.1 
366_5 1.63 1.82 2.32 142.0 133.6 
Mean 1.58 1.91 2.26 141.6 131.5 
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Table 2. Experimental results of drop-weight impact tests 497 
Specimen 
Drop 
height 
(m) 
Density 
(kg/m3) 
Impact 
velocity 
(m/s) 
Residual 
velocity 
(m/s) 
Energy 
Absorption 
(J) 
Damage 
level Note 
172_1 0.63 156 3.57 1.51 523 90%  
172_2 0.95 152 4.39 2.15 732 100%  
172_3 1.29 156 5.06 -0.84 352 minor  28.26 kg projectile 
288_1 1.29 226 5.14 0.78 1291 100% 
 
288_2 0.63 230 3.57 0 637 40% 
 
288_3 0.95 234 4.34 0 942 80% 
 
288b_1 1.29 188 5.02 3 813 100% EPS 
shrunk 288b_2 0.63 195 3.26 0 531 80% 
318_1 0.95 219 4.47 0 999 90% EPS 
shrunk 318_2 0.95 223 4.74 0 1123 80% 
366_1 1.29 269 5.16 0 1331 70% 
 
366_2 1.29 265 5.21 0 1357 70% 
 
366_3 0.95 265 4.56 0 1040 <50% 
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